Indoor fungi are a major cause of cosmetic and structural damage of buildings worldwide and prolonged exposure of these fungi poses a health risk. Aspergillus, Penicillium and Cladosporium species are the most predominant fungi in indoor environments. Cladosporium species predominate under ambient conditions. A total of 123 Cladosporium isolates originating from indoor air and indoor surfaces of archives, industrial factories, laboratories, and other buildings from four continents were identified by sequencing the internal transcribed spacer (ITS), and a part of the translation elongation factor 1α gene (TEF) and actin gene (ACT). Species from the Cladosporium sphaerospermum species complex were most predominant representing 44.7% of all isolates, while the Cladosporium cladosporioides and Cladosporium herbarum species complexes represented 33.3% and 22.0%, respectively. The contribution of the C. sphaerospermum species complex was 23.1% and 58.2% in the indoor air and isolates from indoor surfaces, respectively. Isolates from this species complex showed growth at lower water activity ( 0.82) when compared to species from the C. cladosporioides and C. herbarum species complexes ( 0.85). Together, these data indicate that xerotolerance provide the C. sphaerospermum species complex advantage in colonizing indoor surfaces. As a consequence, C. sphaerospermum are proposed to be the most predominant fungus at these locations under ambient conditions. Findings are discussed in relation to the specificity of allergy test, as the current species of Cladosporium used to develop these tests are not the predominant indoor species.
Introduction
Indoor fungal growth represents a global problem. For instance, about 25% of dwellings of social housing in the European Union show fungal growth [1, 2] . This causes disfigurement of the building materials and poses a health threat for the occupants and particularly for asthmatic and allergic patients [3, 4] . Indoor fungal growth is strongly increased after incidents of water damage caused for instance by flooding or leakage [5] [6] [7] [8] .
In outdoor air samples, species belonging to the genera Aspergillus, Penicillium and Cladosporium are commonly occurring. These genera are also predominant in indoor environments, indicating a strong correlation in fungal presence between indoor and outdoor air [9] [10] [11] [12] . Penicillium chrysogenum and Aspergillus versicolor are particularly abundant in the indoor environment after water damage, while Cladosporium species dominate under ambient conditions [7, [13] [14] [15] . Cladosporium are widespread fungi. In nature, they are often found on dead plant material and on plant surfaces and are therefore considered as phylloplane fungi [16] [17] [18] . They have also been isolated from hypersaline environments, hence Cladosporium halotolerans [19, 20] , and from soil and rocks such as artic rock [21] [22] [23] [24] . These fungi can also be isolated from man-made products such as paint, food, textiles, books, glass windows and wall paper [25] .
The genus Cladosporium comprises three species complexes, namely C. cladosporioides, C. herbarum and C. sphaerospermum, representing 169species [25] . The Cladosporium species complexes can be distinguished based on morphology and DNA sequences of the internal transcribed spacer (ITS), translation elongation factor 1α (TEF) and actin (ACT) loci [19, 20, 25, 26] . It has been stated that C. cladosporioides is the most abundant fungus in outdoor air [13] . As the composition of indoor species reflects the composition of the outdoor species we would expect to find C. cladosporioides. However, pilot studies of indoor samples at our institute suggested that members of the C. sphaerospermum species complex were predominant in the indoor environment. This prompted us to study a larger number of isolates collected over 8 years from locations with fungal problems. We identified these isolates using the sequences of 69 species from Bensch et. al. [25] . These 69 species comprise 2 species from outside a species complex and 7, 21 and 39 species from the C, sphaerospermum, C. herbarum and C. cladosporioides species complexes, respectively. We here show that C. sphaerospermum is the most predominant Cladosporium species complex in the indoor environment in general and on indoor surfaces in particular. The latter may be explained by the higher xerotolerance of this species complex when compared to C. cladosporioides and C. herbarum. This is of interest as most allergy tests are focused on Cladosporium herbarum, which has not been identified during this study.
Materials and Methods

Isolation of organisms
Isolates of indoor Cladosporium species were taken from the research collection of the Applied and Industrial Mycology (DTO) group of the CBS Fungal Biodiversity Centre. The isolates were collected during a period of time from 2006 to 2013 on request from residents or owners who noticed indoor fungal problems. The isolates originated from indoor environments including archives, industrial factories, laboratories, and other buildings with or without water damage (Table 1 ). In these situations usually both swab and air samples were collected. Air samples were taken by using a MAS-100 (Merck) air sampler. This samples an amount of air depending on the size of the room ranging from 15 to 1000 liter. The air is sampled on 2% malt extract agar supplemented with penicillin and streptomycin (MEA p/s) (Oxoid) or on dichloran 18% glycerol agar (DG18) (Oxoid). Samples of indoor surfaces were taken by using a sterile cotton swab or sellotape [27] and were also grown on MEA p/s or DG18. Strains were stored at -80°C in 30% glycerol, 0.025% Tween 80 and 0.025% agar or 30% glycerol, 0.01% Tween 80, 5 mM N-(2-acetamido)-2-aminoethanesulfonic acid (ACES), pH 6.8. Growth on media with lowered water activity
Water activity (a w ) of the medium was set between 0.99 and 0.75 by substitution of water with 0-50% glycerol (v/v). A volume of 23 ml of medium was poured in Petri dishes with vents (Greiner, Bio-One B. V., Alphen aan de Rijn, The Netherlands) and left to solidify for 24 h on the bench with the lid closed. The a w of control (non-inoculated) plates of the different glycerol-agar mixtures was determined before and after growth experiments using a Novasina labmaster-a w (Novasina, Lachen, Switzerland) and samples with a diameter of 5 cm. The a w changed only marginally during 3 weeks of storage (ranging between a decrease of 0.01 a w unit in 5% glycerol plates and an increase of 0.03 units in 50% glycerol plates). Agar plates were inoculated with 3 μl spore solution containing 1 x 10 6 spores ml -1 harvested from 7-days-old MEA-grown cultures. Conidia were collected in 10 mM ACES, 0.02% Tween 80. The spore suspension was filtered over sterile glass wool to remove hyphal fragments. Spores were counted using a Bürker-Türk haemocytometer and the suspension was diluted to 1 x 10 6 spores ml -1 .
DNA sequencing and molecular analysis
Genomic DNA was isolated from 7-days-old cultures using the Ultraclean Microbial DNA isolation kit (MoBio Laboratories, USA) according to the manufacturer's instructions. ITS, ACT, and TEF loci were amplified, using the primers shown in Table 2 [28-31], as described earlier in Houbraken and Samson (2011) [32] . The fragments were sequenced with the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, USA). The products were analyzed on an ABI Prism 3730 XL DNA Sequencer (Applied Biosystems, USA). Sequences were assembled by using the forward and reverse sequences with the program SeqMan from the LaserGene 9 package (DNAstar, USA). The ITS, ACT, and TEF sequences were concatenated resulting in 1132 nucleotide long sequences. They were aligned to sequences of 70 taxa described by Bench et al. (2012) [25] using the online version of MAFFT [33] . The resulting alignments were manually improved and phylogenetic analyses were conducted using MEGA version 5 software Strains with a CBS number are deposited in the CBS strain collection. A and S represent air and swab samples, respectively, and samples taken from unknown indoor sources are indicated with "Indoor". The GenBank numbers of the ITS, TEF and ACT sequences are shown in the last three columns.
Strains used for a w experiments are underlined. a DTO 121-H1 is identified using the sequences of ITS and TEF only.
doi:10.1371/journal.pone.0145415.t001 
Results
Identification of Cladosporium species of indoor origin
The Cladosporium collection of the Applied and Industrial Mycology group of the CBS Fungal Biodiversity Centre includes 67 strains from indoor surfaces (swab samples), 39 strains from air samples, and 17 isolates from an unknown indoor origin ( Table 1) . Out of the 123 indoor Cladosporium isolates, 74 originate from the Netherlands, and 49 from Denmark, France, Germany, Greece, Hungary, Poland, Portugal, Thailand, Algeria and The United States of America. The 123 isolates were identified based on the ITS, ACT and TEF sequences and a phylogenetic tree was constructed (S1 Fig). The collection consisted of 55, 41 and 27 isolates belonging to the species complexes of C. sphaerospermum, C. cladosporioides and C. herbarum, respectively (Table 3) . Nine isolates could not be identified to species level since the sequences did not align well with any of the type species used for comparison and might represent new species. From these species, seven grouped in the C. cladosporioides species complex, and one in the C. herbarum and one in the C. sphaerospermum species complex. A total number of 19 different species were identified, of which C. sphaerospermum was most common, followed by C. halotolerans and Cladosporium allicinum (Fig 1) . To compare the species distribution of swab and air samples, the 17 strains of unknown indoor origin were excluded. The C. sphaerospermum species complex made up more than 44.7% of the total number of 106 isolates and even 58.2% of the swab isolates ( Table 3 ). The C. cladosporioides species complex comprised 33.3% of the indoor isolates and 22.4% of the swab isolates. The C. herbarum species complex comprised 22.0% of the indoor isolates and 19.4% of the swab isolates (Table 3) . A Pearson's Chi-square test shows significant increased numbers (p-value 0.05) of C. sphaerospermum species complex in swab samples compared to air samples. This was not observed in the case of the C. herbarum and C. cladosporioides species complexes.
Growth of indoor Cladosporium species at lower water activity
Growth of 22 indoor isolates of Cladosporium was compared on media with water activity (a w ) values ranging from 0.75 to 0.99. These isolates include 9, 8 and 5 isolates of the C. sphaerospermum, C. cladosporioides and C. herbarum species complexes, respectively, which represent 14 different species (Fig 2) . Moreover, the selection made up 7 air samples, 9 swab samples and 6 indoor samples of which the origin (air or swab) is not known. The minimal a w needed to enable growth during a 3-week-period, ranged from 0.82 to 0.87 for the selected Cladosporium species (Table 4 ). The air isolates showed a minimal a w of 0.82 to 0.87, while the swab samples showed a minimal a w of 0.82 to 0.85. All isolates of C. sphaerospermum and C. halotolerans grew at a w 0.82. Interestingly, these are also the two most abundant species in indoor air and swab samples. Cladosporium dominicanum and Cladosporium langeronii that also belong to the C. sphaerospermum species complex grew at a w 0.85. All selected species from the C. herbarum species complex (i.e. C. allicinum, Cladosporium ramotenellum and Cladosporium tenellum and an unidentified species) also grew at a w 0.85. Cladosporium globisporum and Cladosporium perangustum of the C. cladosporioides species complex grew at a w 0.85, while Cladosporium australiense, Cladosporium cladosporioides, Cladosporium delicatulum and Cladosporium inversicolor only grew at a w 0.87. The ability to grow at a particular water activity even differed within a species. Cladosporium pseudocladosporioides CBS 139575 could grow at a w of 0.85, while C. pseudocladosporioides CBS 139580 grew at a w of 0.87 (Table 4) . summarizes the data and shows that the isolates from the C. sphaerospermum species complex, that are most abundant on indoor surfaces, grow at the lowest water activity. Notably, growth of C. cladosporioides at water activity of 0.98 is clearly faster compared to that of C. halotolerans (Fig 3 and S2 Fig) . This shows that the modest xerophily of the C. sphaerospermum species complex is not the result of its higher growth rates compared to C. cladosporioides and C. herbarum. 
Discussion
Cladosporium species are among the most abundant fungi in outdoor and indoor air [8, 11, 13] . In fact, C. cladosporioides was reported to be the most predominant fungus in houses in Ontario and Atlanta [11, 13] . Recently, classification of the genus Cladosporium has been revised on the basis of morphology and multi-locus sequencing [19, 20, 25, 26] . This novel classification was used in our study where we sequenced the same genes and compared the data. Our data showed that members of the C. sphaerospermum species complex are the most predominant indoor fungi, which were found in 44.7% of the indoor samples and 58% of indoor swabs. Notably, moderate xerotolerancy of the species (0.82-0.85) correlated with the presence of these species on indoor surfaces. Generally, indoor levels of fungi are lower than outdoor and are related to the outdoor species composition. The composition of fungi in the indoor environment is highly similar to the outdoor air in well-ventilated houses [6, 8, 9, 13, 35, 36] . Indoor surfaces have been described as passive collectors of airborne fungi of outdoor origin. Yet, different surface types harbor different fungal populations. This indicates that the composition of fungal populations on surfaces can deviate from that of the outdoor and indoor air. This is supported by our finding that C. sphaerospermum species complex isolates are more prominent on indoor surfaces when compared to air samples. These effects might be more pronounced in winter when air replacement with outdoor air in dwellings is markedly lower [8] .
Cladosporium species are not reported as producers of mycotoxins. Nonetheless, they may represent a threat to health. Cladosporium species from all three species complexes are reported to cause fungal allergies [4, [37] [38] [39] [40] [41] , especially in patients with severe asthma [3, 42] . The dominance of the C. sphaerospermum species complex in indoor environments is of interest as C. herbarum is the most studied species in allergy research [43, 44] . Cell extracts of C. herbarum are used for allergy tests, particularly in skin prick tests [37, 44] . Not much is known about the Cladosporium proteins raising allergy. Enolase, aldehyde dehydrogenase and mannitol dehydrogenase (MDH) are known allergens from C. herbarum [43] . The C. herbarum MDH shows an identity of 83.9% with the Cladosporium fulvum MDH [45] and 92.6% identity with the same locus in an isolate of C. sphaerospermum isolated from blood culture and of which the full genome is sequenced [46] . However, we would like to stress that the identification of C. sphaerospermum in the abovementioned study is based on the sequence of the ITS region. By using BLAST we have also identified the sequences of the TEF, ITS and ACT loci. These sequences were aligned to data of Bensch et. al. and group in the phylogenetic tree with C. halotolerans as is shown in S1 Fig. [25] . Therefore, we propose to evaluate cross-reactivity of the allergens of the different Cladosporia. Specifically the common indoor fungi, C. sphaerospermum, C. halotolerans and C. allicinum, should be evaluated to assess whether the screening panels of these fungi have to be adapted. 
